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Behavioral/Cognitive

A Physiological Signal That Prevents Motor Skill
Improvements during Consolidation

Sanjin Tunovic,* Daniel Z. Press,* and Edwin M. Robertson
Center for Noninvasive Brain Stimulation, Harvard Medical School, Beth Israel Deaconess Medical Center, Boston, Massachusetts 02215

Different memories follow different processing pathways. For example, some motor skill memories are enhanced over wakefulness,
whereas others are instead enhanced over sleep. The processing pathway that a motor skill memory follows may be determined by
functional changes within motor circuits. We tested this idea using transcranial magnetic stimulation to measure corticospinal excitabil-
ityat6,21,36,96,and 126 min after participants learnt tasks that either were or were not enhanced over wakefulness. There was no change
in corticospinal excitability after learning a motor skill that was subsequently enhanced; whereas, there was a substantial transient
decrease in corticospinal excitability after learning a motor skill that was not enhanced. In subsequent experiments, we abolished the
decrease in corticospinal excitability by applying theta burst stimulation to either the dorsolateral prefrontal or primary motor cortex,
and induced motor skill improvements during consolidation. The motor skill improvements in each experiment were correlated with the
corticospinal excitability after learning. Together, these experiments suggest that corticospinal excitability changes act as a physiological
signal, which prevents improvements from developing over wakefulness, and so when this signal is abolished improvements are induced.
Our observations show that the human brain can actively prevent the processing of memories, and provides insights into the mechanisms

that control the fate of memories.
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Introduction
Different memories follow different processing pathways. Some
motor skill memories are enhanced over wakefulness leading to
improved performance “off-line” between training sessions. By
contrast other memories have to wait for an interval of sleep
before they are enhanced (Fischer et al., 2002; Walker et al., 2002;
Robertson et al., 2004a; Press et al., 2005; Brown and Robertson,
2007; for review, see Robertson, 2009). One possible reason for
these differences is that the enhancement of some memories may
be actively prevented by functional changes within motor circuits
in the human brain. To test this idea, we measured motor corti-
cospinal excitability after tasks that do and do not show subse-
quent improvements over wakefulness.

Learning a sequence of movements can be achieved as partic-
ipants perform what appears to them to be just a visual reaction
time task. Yet, within the task the visual cue follows a repeating
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sequence. In this situation, there are substantial improvements over
wakefulness (implicit task). By contrast, when skill at producing the
same sequence of movements is acquired intentionally, with the par-
ticipant’s knowledge of the sequence, there are no performance im-
provements over wakefulness (explicit task; Fischer et al., 2002;
Walker et al., 2002; Robertson et al., 2004a; Cohen et al., 2005; Brown
and Robertson, 2007). Performance in both of these tasks is associ-
ated with activation of motor cortical networks; including the pri-
mary motor cortex (M1; Grafton et al., 1998; Aizenstein et al., 2004;
for a meta-analysis, see Hardwick et al., 2013).

In our first set of experiments, we applied single pulses of
transcranial magnetic stimulation (TMS) over M1 to measure
corticospinal excitability and how it changed after learning tasks
that do and do not show subsequent improvements (i.e., implicit
vs explicit tasks). Corticospinal excitability is related to the alpha
(also known as the w) rhythm over the motor cortex, to the
amplitude of BOLD activation, and provides a measure of func-
tional changes within motor circuits (Sauseng et al., 2009; Yuan et
al., 2011). For example, corticospinal excitability rises when par-
ticipants prepare or imagine performing movements (Fadiga et
al., 1999; Mars et al., 2007). In subsequent experiments, using
theta burst stimulation (TBS) we modified the excitability
changes to test the connection between corticospinal excitability
after learning and subsequent motor skill improvements that de-
veloped over wakefulness.

Materials and Methods

We performed three experiments to better understand the relation-
ship between corticospinal excitability and subsequent motor skill
improvements.
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Experiment 1. In the first experiment, we measured corticospinal excit-
ability using transcranial magnetic stimulation (TMS; see below), which
provides a baseline measure of excitability, and then participants per-
formed and were tested (skill,) on a motor skill learning task that either
does or does not show improvements over wakefulness (see Serial reac-
tion time task). Participants then had their corticospinal excitability
measured during a 4 min block; the middle of that block was 6, 21, 36, 96,
and 126 min after learning (Robertson et al., 2004a; Fig. 1a). Ten hours
after completing the motor learning task (10:00 A.M. to 8:00 P.M.),
participants had their skill retested (skill,), and completed a free recall
test (for details, see Serial reaction time task). Thus, there were two
groups with participants being randomly allocated to a task that either
does or does not show improvements during consolidation (i.e., skill, —
skilly ).

Experiments 2 and 3. In the subsequent two experiments, we measured
corticospinal excitability before participants performed the explicit ver-
sion of the motor learning task, which does not show off-line improve-
ments (Robertson et al., 2004a). Participants were then tested on the
motor skill learning task (skill;), had TBS applied to either the right
dorsolateral prefrontal cortex (DLPFC; Experiment 2) or the right M1
(Experiment 3), and had their corticospinal excitability measured during
a4 min block; the middle of that block was 6, 21, 36, 96, and 126 min after
learning (Figs. 2, 3). We applied either continuous TBS or intermediate
stimulation. These different types of stimulation have different effects
upon corticospinal excitability at least when they are applied directly to
M1, and they may have the same contrasting effects upon corticospinal
excitability when stimulation is applied to the DLPFC, which would
allow them to be used to test the connection between corticospinal ex-
citability and subsequent improvements (Huang et al., 2005). Ten hours
after completing the motor learning task (10:00 A.M. to 8:00 P.M.),
participants had their skill retested (skill,), and completed a free recall
test (for details, see Serial reaction time task). Thus, there were two
groups (continuous and intermediate), and participants were randomly
allocated to each group.

Participants. Eighty right-handed (defined by the Edinburgh handed-
ness questionnaire; Oldfield, 1971) participants were recruited. In Exper-
iment 1, those participants assigned to the implicit task group were
excluded from further analysis when their verbal report for the motor
sequence exceeded three items (of a 12-item sequence) because earlier
work has shown that this alone can be sufficient to interfere with motor
skill processing (Robertson et al., 2004a; Press et al., 2005). The remain-
ing 76 participants (37 male, 20.5 = 2.8 years; mean * SD) were distrib-
uted among the three experiments with 28 participants allocated to
Experiment 1, 24 participants allocated to Experiment 2, and 24 partici-
pants allocated to Experiment 3. Participants were divided equally be-
tween the two groups in each of the experiments. During the intervals
between corticospinal excitability testing (i.e., between 6, 21, 36, 96, and
126 min) in each of the experiments participants engaged in normal daily
activities, but they refrained from napping.

Serial reaction time task. We used a modified version of the serial
reaction time task (SRTT; Nissen and Bullemer, 1987; Robertson, 2007).
A solid circular visual cue (diameter 20 mm, viewed from ~800 mm)
could appear at any one of four possible positions, designated 1-4, and
arranged horizontally on a computer screen. Each of the four possible
positions corresponded to one of the four buttons on a response pad
(RB-410, Cedrus), upon which the participant’s fingers rested. When a
target appeared, participants were instructed to respond by pressing the
appropriate button on the pad. If the participant made an incorrect
response, the stimulus remained until the correct button was selected.
The position of the visual cues played out a repeating 12-item sequence
(2-3-1-4-3-2-4-1-3-4-2-1).

We used two versions of the SRTT, one showing off-line improve-
ments and the other not showing off-line improvements over wakeful-
ness (Robertson et al., 2004a; Cohen et al., 2005; Brown and Robertson,
2007). In the version that does not show off-line improvements, the
so-called explicit task, participants were instructed that a change in the
color of the stimuli from black to blue heralded the beginning of a re-
peating sequence (2-3-1-4-3-2-4-1-3-4-2-1). The color change was ex-
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clusively used to mark the introduction of the sequence, not its removal.
Participants were neither told the sequence itself nor its length. By con-
trast, in the version that does show off-line improvements, the so-called
implicit task, participants were introduced to the task as a test of reaction
time, participants were not told about the sequence, and there were no
cues marking the introduction of the sequence. The stimuli did not
change color during this task; and instead remained black. The same
regular and repeating 12-item sequence was used in both versions of
the task.

We used the same design and number of trials that in earlier work has
shown substantial off-line improvements in the implicit task but mini-
mal off-line improvements in the explicit task over wakefulness (Robert-
son et al., 2004a; Galea et al., 2010). There was an initial short training
block of either 15 (implicit task) or 9 (explicit task) repetitions of the
sequence, the main training block had either 25 (implicit task) or 15
(explicit task) repetitions, and then the test block had the same number
of repetitions as the initial short training block. Participants were tested,
and then 10 h later retested on the same task (i.e., implicit or explicit
task). The retest block has the same number of repetitions as the earlier
test block. The difference between skill at testing (skill,) and retesting
(skill,) provided a measure of off-line motor skill (skill, — skill,). We
used the different number of repetitions in the implicit and explicit tasks
so that participants would acquire a similar amount of skill: to test for a
statistically significant difference between the groups (skill;; 76 = 13 ms
vs 57 = 6 ms; mean = SEM) would have required 57 participants to be
recruited to each of the two groups (i.e., a total of 114 participants; o =
0.05; 1-B = 0.8; effect size d = 0.53).

Fifty random trials preceded and followed the sequential trials in the
training and test blocks, of both the implicit and explicit tasks (Fig. 1).
Within these random trials there were no item repeats (for example,
-1-1- was illegal), and each item had approximately the same frequency
of appearance. Each set of random trials in the training and test blocks
were unique. This minimized the chance that participants might become
familiar with the random trials. However, the random trials used within
the implicit task were identical to those used within the explicit task,
which allowed performance of motor sequence that was common to both
tasks to be compared with a common set of random trials.

We administered a free recall test when participants had completed the
SRTT, following retesting. For the implicit task, participants were asked if
they had noticed anything about the visual cues, to describe that prop-
erty, and if they had realized that there was a sequence to recall as many
items of the sequence as possible. Participants accurately recalling >3
items from the 12-item sequence were removed from further analysis,
which prevents participants from achieving declarative knowledge suffi-
cient to prevent off-line improvements (Brown and Robertson, 2007).
For the explicit task, participants had already been told about the se-
quence and so were simply asked to recall as many items of the sequence
as possible.

TMS. Using a Magstim 200 (Magstim), we applied a single pulse of
TMS over M1 and calculated the amplitude of the motor-evoked poten-
tial (MEP) to provide a measure of corticospinal excitability. We identi-
fied left M1 as the optimal location for inducing contractions in the right
flexor dorsal interosseous muscle (FDI), and the lowest intensity of stim-
ulation that was capable of inducing visible muscle contractions in at
least 6 of 10 trials was defined as the motor threshold (MT; Wassermann
etal., 1996). This method has been shown to consistently and accurately
locate the hand area of M1 (Wassermann et al., 1996). At this site, we
applied single pulses of TMS at 120% of MT, recorded the elicited MEP
with surface electromyography, which provided a measure of corticospi-
nal excitability.

Before motor skill learning, we measured baseline corticospinal excit-
ability by applying 20 single pulses of TMS over a 4 min interval and
measured the elicited MEP amplitude. We repeated this process three
times with 120 s between each of the 4 min intervals of single pulse TMS.
After the motor skill learning task, we measured corticospinal excitability
by applying 20 single pulses of TMS over a 4 min interval and measured
the elicited MEP amplitude. The middle of each 4 min interval of single
pulse TMS was 6, 21, 36, 96, and 126 min after learning. There was a
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minimum of 10 s between each TMS pulse. The coil position was marked
onto the scalp using permanent ink, which reduced the variability of the
coil position among the baseline and subsequent time-points when elic-
ited MEP magnitude was measured. Overall, we applied single pulse TMS
over M1 to give a measure of corticospinal excitability before and after
the motor skill learning tasks.

We tested the link between corticospinal excitability and subsequent
off-line improvements by applying TBS to either the DLPFC (Experi-
ment 2) or M1 (Experiment 3). We used frameless stereotaxy to identify
the position of the DLPFC (Polaris, Northern Digital). T1-weighted MR
images were transformed into MNI/Talairach coordinates (Brainsight,
Rogue Research) and used to guide the position of the coil. The right
DLPFC was defined as the coordinates x = 40, y = 32, z = 30 for half the
participants (i.e., for a total of 12 participants). Earlier studies have used
these same coordinates to guide the stereotactic application of TMS to
the DLPFC (Paus et al., 2001; Strafella et al., 2001; Sibon et al., 2007), and
in turn, those studies based their coordinates upon the brain areas acti-
vated during working memory tasks (Petrides et al., 1993). These partic-
ipants were then equally divided between those receiving continuous and
intermediate TBS (i.e., a total of 6 participants in each group). For the
other participants in Experiment 2, we positioned the coil on the lateral
convexity 50 mm anterior to the hand area of the right M1 (identified by
locating the optimal scalp position for the induction of MEPs), which is
an approach used in earlier studies to locate the DLPFC (Pascual-Leone
etal., 1996; Robertson et al., 2001). For participants in Experiment 3, we
applied TBS at the optimal location for inducing MEPs because it pro-
vides a consistent way to identify the hand area of M1 (Wassermann et al.,
1996).

Having identified the site of stimulation, we applied three TMS pulses
at 50 Hz repeated every 200 ms, which is the temporal pattern of TBS. We
applied TBS either as an uninterrupted block of 600 pulses (i.e., 40 s;
continuous stimulation), or as a 5 s block of stimulation repeated every
15 s until all 600 pulses were delivered (i.e., 110 s; intermediate stimula-
tion) atan intensity of 80% of active motor threshold to the right DLPFC.
Active motor threshold was found as the minimum single pulse intensity
necessary to produce an MEP of >200 wV on >5 of 10 trials from the
right FDI while the participant was maintaining a voluntary contraction
of ~20% of maximum (Huang et al., 2005).

In both experiments, we applied TBS using a Magpro X 100 (Magven-
ture). The commercially available butterfly coil (75 mm coil, Magven-
ture) was positioned tangentially to the scalp with the coil handle
oriented 135° from the midsagittal axis of the participant’s head with the
coil pointing posteriorly (Mills et al., 1992).

Data analysis. We calculated the average MEP amplitude at baseline,
and at each of the subsequent time points (i.e., 6, 21, 36, 96, and 126
min) after motor learning for each participant. The average MEP at
each time point was then normalized based upon each participant’s
average MEP at baseline. In each experiment, we used a mixed
repeated-measures ANOVA to determine the effect of group upon the
changes in normalized MEP amplitude across the time points. Sub-
sequently, we then used the ANOVA to identify changes in the nor-
malized MEP amplitude across the time points within each group. To
compare MEP amplitudes at selected time points between the groups
we used unpaired t tests, and to compare MEP changes within the
same group we used paired f tests.

Response times were defined as the time to make a correct response.
Any response time longer than 2.7 SDs (i.e., the top one percentile) from
a participant’s mean was removed. A learning score was calculated by
subtracting the average response time of the final50 sequential trials from
the average response time of the subsequent fifty random trials that im-
mediately followed (Nissen and Bullemer, 1987; Willingham et al., 1989;
Brown and Robertson, 2007). We did not use accuracy as a measure of
motor skill because even with limited experience error rates are ex-
tremely low (<2-4%; Willingham et al., 1989; Robertson et al., 2004a;
Cohen et al., 2005). We calculated skill before the interval (skill,) using
the test block of the first session, and after the 10 h interval using the retest
block (skill,; Fig. 2). The difference between skill at testing and resting
provide a measure of off-line improvements occurring during consoli-
dation (skill, — skill;; Walker et al., 2002; Robertson et al., 2004a,b;
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Walker and Stickgold, 2004; Galea et al., 2010). We used a mixed
repeated-measures ANOVA to compare changes in motor skill between
testing and retesting across the groups, and a paired t test was used to
compare motor skill at testing and retesting within each group. All the ¢
tests used in the analysis of this study were two-tailed.

Results
Experiment 1
We found that the implicit and explicit tasks had significantly
different effects upon the subsequent corticospinal excitability
(mixed repeated-measures ANOVA, F s , 55, = 3.16, p = 0.01; Fig.
1), and consistent with earlier work the tasks showed significantly
different off-line improvements (skill, — skill;; mixed repeated-
measures ANOVA, F, ¢ = 11.8, p = 0.002; Robertson et al.,
2004a; Spencer et al., 2006). Yet, there was no significant differ-
ence in the off-line change between testing and retesting in par-
ticipants’ performance during the random trials (F, ¢, = 0.629,
p = 0.435). There was also no significant difference in initial skill
between the groups (skill;; 76 * 13 ms vs 57 = 6 ms; mean *
SEM; unpaired  test, t,5) = 1.31, p = 0.2), and there was also no
significant difference between the groups in the baseline cortico-
spinal excitability (MEP amplitudes; 1.12 = 0.24 mV vs 1.4 =
0.17 mV; mean = SEM; unpaired ¢ test, t,5) = 1.13, p = 0.266).
After the implicit motor learning task there were no signif-
icant changes in corticospinal excitability from baseline
(repeated-measures ANOVA, F545 = 0.95, p = 0.451), and
there were significant off-line improvements in task performance
(57 = 6msvs 91 * 7 ms; mean * SEM; paired t test, ¢, 5, = 4.103,
p = 0.001). By contrast, following the explicit motor learning task
there was a significant change in corticospinal excitability from
baseline (repeated-measures ANOVA, Fs 45, = 5.1, p < 0.001),
and no significant off-line improvements in task performance
(76 £ 13 ms vs 60 * 11 ms; mean = SEM; paired ¢ test, 5 =
1.33, p = 0.206). After learning the explicit task there was a sig-
nificant decrease in corticospinal excitability from baseline at the
6 min time point (—28 = 5%; mean * SEM; paired t test, t,5) =
5.096, p < 0.001), which was a significantly greater change than
that observed after the implicit task (—28 % 6% vs 7 = 5%j;
mean * SEM; unpaired ¢ test, t,6, = 4.64, p < 0.001; Fig. 1).
However, corticospinal excitability following the implicit and ex-
plicit tasks did not differ significantly at any of the subsequent
time points following learning (all unpaired ¢ tests, t,5) < 1, p >
0.45; Fig. 1). Participants in the explicit task group were told that
they were learning a sequence of finger movements; whereas,
those in the implicit task group were introduced to the task as a
test of reaction time, and so there was a significant difference
between participants’ recall of the sequence (5 £ 1 vs 0.5 = 0.2;
mean * SEM; unpaired ttest, t,¢) = 4.25, p < 0.001). Overall, the
two tasks showed different off-line improvements in perfor-
mance, and the corticospinal excitability changes after these tasks
differed at only one time point. Using the single time point at
which corticospinal excitability did differ between the tasks, we
found a significant correlation between the corticospinal excit-
ability and the subsequent off-line improvements in the implicit
task (r = 0.55, F(, ;,, = 5.2, p = 0.041) but not in the explicit task
(r=0.359, F, 1, = 1.7, p = 0.21; Fig. 1).

Experiment 2

Using TBS to modify corticospinal excitability; we sought to test
the connection between excitability and off-line improvements.
We applied TBS to the DLPFC because it is activated during
motor sequence learning tasks, like those used in the current
study, it is functionally connected to M1, and applying stimula-
tion to this brain area has been shown to affect corticospinal
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Figure1. Experiment 1, changesin corticospinal excitability after motor learning. @, We measured participants’ baseline corticospinal excitability as the magnitude of the MEPs in the right hand
elicited by single pulses of TMS applied to the left motor cortex. Participants then learnt either the implicit or explicit task using their right-hand, had their skill tested (skill;; light gray bar; mean =+
SEM), and then had their MEP amplitude measured during a 4 min block; the middle of that block was 6, 21, 36, 96, and 126 min after learning (blue or red circle; normalized MEP amplitude; mean =
SEM). Participants were then retested on the task 10 h after initial testing (skill,; dark gray bar; mean = SEM). We normalized the MEP at each time point against the baseline measured before
learning, and motor skill was calculated as the difference in response time (RT) during the sequential and random trials. b, We found a significant decrease in corticospinal excitability from baseline
following the explicit task (repeated-measures ANOVA, Fis 45, = 5.1,p << 0.001), and nossignificant off-line motor skillimprovements (paired t test, t;5) = 1.33, p = 0.206; n.s.). By contrast, there
was no significant decrease in corticospinal excitability from baseline following the implicit task (repeated-measures ANOVA, Fs .5, = 0.95, p = 0.451), and significant off-line motor skill
improvements (paired t test, t(;3) = 4.103, p = 0.001;*). ¢, Using the single time point at which corticospinal excitability did differ between the tasks, we found a significant correlation between
the corticospinal excitability and off-line improvements in the implicit task (r = 0.55, F; 1,y = 5.2, p = 0.041) but not in the explicit task (r = 0.359, F; 1,y = 1.7,p = 0.21).

excitability (Civardi et al., 2001; Willingham et al., 2002; Schen-
dan et al., 2003; Hasan et al., 2013). Intermediate and continuous
TBS to M1 can have contrasting effects upon corticospinal excit-
ability (Huang et al., 2005). They may similarly have contrasting
effects upon corticospinal excitability when applied to the
DLPFC, which would allow them to be used to test the connec-
tion between corticospinal excitability and subsequent off-line
improvements. To prevent stimulation from affecting learning
and so indirectly affecting off-line improvements we applied
stimulation after learning (Robertson et al., 2001; Hauptmann et
al., 2005).

We found that intermediate and continuous TBS when ap-
plied after the explicit task had significantly different effects upon

the subsequent pattern of corticospinal excitability (mixed
repeated-measures ANOVA, F5 | o, = 4.1, p = 0.002; Fig. 2), and
upon off-line improvements (skill, — skill;; mixed repeated-
measures ANOVA, F(, ,,, = 6.24, p = 0.02). Yet, there was no
significant difference in the off-line change between testing and
retesting in participants’ performance during the random trials
(F(1,22) = 1.04, p = 0.320). There was also no significant differ-
ence in initial skill between the groups (skill;; 71 * 17 ms vs 66 =
9 ms; mean * SEM; unpaired t test, £,,, = 0.268, p = 0.791), and
there was no significant difference between the groups in the
baseline corticospinal excitability (MEP amplitudes; 1.01 * 0.2
mVvs 1.16 = 0.16 mV; mean + SEM; unpaired  test, t,,, = 0.58,
p = 0.568).
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Experiment 2, modifying corticospinal excitability by applying stimulation to the DLPFC after motor learning, and the consequences for off-line motor skill improvements. a, We

measured participants’ baseline corticospinal excitability as the magnitude of the MEPs in the right hand elicited by single pulses of TMS applied to the left motor cortex. Participants then learnt the
explicit task using their right-hand, and had their skill tested (skill,; light gray bar; mean = SEM). After learning, we applied TBS (either continuous or intermediate). Participants then had their MEP
amplitude measured during a 4 min block; the middle of that block was 6, 21, 36, 96, and 126 min after learning (blue circle; normalized MEP amplitude; mean == SEM). Participants were then
retested on the task 10 h after initial testing (skill,; dark gray bar; mean = SEM). We normalized the MEP at each time point against the baseline measured before learning, and motor skill was
calculated as the difference in RT during the sequential and random trials. b, There remained a significant decrease in corticospinal excitability after the explicit task and intermediate stimulation
(paired t test, £, = 4.689, p = 0.001), and there were no significant off-line improvements (paired ¢ test, t;;, = 0.835, p = 0.421; n.s.). By contrast, there was no longer a significant decrease
in corticospinal excitability after the explicit task and continuous stimulation (paired ttest, f,,,, = 1.63, p = 0.131), and there were significant off-line improvements (paired t test, f ;) = 2.4,p =
0.034; *). ¢, Using the single time point at which corticospinal excitability did differ between the continuous and intermediate groups, we found a significant correlation between the corticospinal

excitability and off-line improvements in the continuous group (r = 0.623, F; ;) = 6.33, p = 0.031) but not in the intermediate group (r = 0.244, F; 1y = 0.635, p = 0.444).

After the explicit task and subsequent intermediate TBS there
were significant corticospinal excitability changes (repeated-
measures ANOVA, Fs 55y = 5.49, p < 0.001) with a substantial
decrease in corticospinal excitability occurring at the 6 min time
point (—35 * 7%; mean * SEM; paired ¢ test, t;,, = 4.689, p =
0.001), and no significant off-line improvements (skill;, 66 = 9 vs
skill,, 58 + 8 ms; mean = SEM; paired t test, t,;, = 0.835, p =
0.421). So, in the intermediate group there was still a decline in
excitability after learning, and there were still no off-line im-
provements. By contrast, after the explicit task and subsequent
continuous TBS there was no significant corticospinal excitabil-

ity changes (repeated-measures ANOVA, F5s5 = 1.36, p =
0.2554) with no significant decrease in corticospinal excitability
from baseline at the 6 min time point after learning (+15 = 9%,
mean = SEM; paired ¢ test, t,;, = 1.63, p = 0.131), and signifi-
cant off-line improvements (skill,, 71 = 17 vs skill,, 107 = 14 ms;
mean * SEM; paired t test, ¢, = 2.4, p = 0.034). The pattern of
corticospinal excitability changes and off-line improvements did
not differ significantly between those that had and had not ben-
efited from stereotactic localization of the DLPFC in either the
intermediate (excitability; mixed repeated-measures ANOVA,
Fis50) = 0.630, p = 0.678; skill, — skill;; mixed repeated-
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measures ANOVA, F(, ;) = 0.672, p = 0.45) or continuous
groups (excitability; mixed repeated-measures ANOVA, F5 5, =
0.427, p = 0.827; skill, — skill;; mixed repeated-measures
ANOVA, F; 1) = 3.0,p = 0.12).

At the 6 min time point, corticospinal excitability was signif-
icantly greater following continuous than following intermediate
TBS (115 % 9% vs 65 = 7%; mean * SEM; unpaired t test, ¢, =
4.16, p < 0.001). But at all other time points there was no signif-
icant difference in corticospinal excitability between the groups
(i.e., intermediate vs continuous; all unpaired ¢ tests, t,,,<1,p >
0.5). There was also no significant difference between the groups
in participants’ recall for the sequence (6.5 = 1 vs 4.9 £ 0.8;
mean * SEM; unpaired ¢ test, £,,, = 1.3, p = 0.202). Overall, the
two groups showed different off-line improvements, and the cor-
ticospinal excitability changes differed at only one time point.
Using the single time point at which corticospinal excitability did
differ between the complete groups, we found a significant cor-
relation between the corticospinal excitability and the subse-
quent off-line improvements in the continuous group (r = 0.623,
F(1,10) = 6.33, p = 0.031), but not in the intermediate group (r =
0.244, F, 1) = 0.635, p = 0.444; Fig. 2).

Experiment 3

We sought to provide a further test of the connection between
corticospinal excitability and off-line improvements, this time by
applying TBS to the right M1. Intermediate and continuous TBS
to M1 can have contrasting effects upon corticospinal excitabil-
ity, which allows them to be used to test the connection between
corticospinal excitability and subsequent off-line improvements
(Huang et al., 2005). We again applied stimulation after learning,
to prevent stimulation from affecting learning and so indirectly
affecting off-line improvements (Robertson et al., 2001; Haupt-
mann et al., 2005).

We found that intermediate and continuous TBS when ap-
plied after the explicit task had significantly different effects upon
the subsequent pattern of corticospinal excitability (mixed
repeated-measures ANOVA, F5 ;o) = 4.1, p = 0.002; Fig. 3), and
upon off-line improvements (skill, — skill;; mixed repeated-
measures ANOVA, F(, ,,, = 6.43, p = 0.02). Yet, there was no
significant difference in the off-line change between testing and
retesting in participants’ performance during the random trials
(F1.22) = 0.705, p = 0.410). There was also no significant differ-
ence in initial skill between the groups (skill;; 68 = 11 msvs 61 *
23 ms; mean * SEM; unpaired ¢ test, £,,, = 0.319, p = 0.753),
and there was no significant difference between the groups in the
baseline corticospinal excitability (MEP amplitudes; 1.8 = 0.2
mV vs 1.5 £ 0.2 mV; mean = SEM; unpaired ¢ test, t22) = 1.054,
p = 0.303).

After the explicit task and subsequent intermediate TBS there
were significant corticospinal excitability changes (repeated-
measures ANOVA, F5 55, = 6.901, p < 0.001) with a substantial
decrease in corticospinal excitability occurring at the 6 min time
point (—25 * 4%; mean * SEM; paired ¢ test, £, = 6.57, p <
0.001), and no significant off-line improvements (skill;, 68 = 11
vs skill,, 63 = 15 ms; mean = SEM; paired ¢ test, t,,, = 0.7, p =
0.499). So, in the intermediate group there was still a decline in
excitability after learning, and there were still no off-line im-
provements. By contrast, after the explicit task and subsequent
continuous TBS there was no significant corticospinal excitabil-
ity changes (repeated-measures ANOVA, F s 55y = 1.8, p = 0.13)
with no significant decrease in corticospinal excitability from
baseline at the 6 min time point after learning (+9 * 5%, paired
ttest, t;,, = 1.8, p = 0.1), and significant off-line improvements
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(skill;, 60 = 23 vs skill,, 82 = 20 ms; mean = SEM; paired ¢ test,
ta1y = 2.69, p = 0.021). At the 6 min time point, corticospinal
excitability was significantly greater following continuous than
following intermediate TBS (109 * 5% vs 75 * 4%; mean =
SEM; unpaired t test, t(,,) = 5.42, p < 0.001). But at all other time
points there was no significant difference in corticospinal excit-
ability between the groups (i.e., intermediate vs continuous; all
unpaired ¢ tests, £(5,)<<1.5, p > 0.1). There was also no significant
difference between the groups in participants’ recall for the se-
quence (6.5 = 1vs 5.2 = 1; mean * SEM; unpaired  test, t,,) =
0.8, p = 0.426). Overall, the two groups showed different off-line
improvements, and the corticospinal excitability changes dif-
fered at only one time point. Using the single time point at which
corticospinal excitability did differ between the groups, we found
a significant correlation between the corticospinal excitability
and the subsequent off-line improvements in the continuous
group (r = 0.819, F(, 15, = 20.4, p = 0.001), but not in the inter-
mediate group (r = 0.188, F, ;) = 0.365, p = 0.559; Fig. 3). In
sum, we found that regardless of how the decrease in corticospi-
nal excitability after learning was prevented, whether by applying
continuous stimulation to the right DLPFC (Experiment 2) or
the right M1 (Experiment 3) it was possible to induce subsequent
off-line improvements. Together these experiments demonstrate
the critical importance of corticospinal excitability, as opposed to
a mechanism linked to a specific anatomical pathway, in de-
termining the fate of a motor skill memory (not-enhanced vs
enhanced).

Discussion

Our observations from across the three experiments converge to
demonstrate a connection between corticospinal excitability and
off-line improvements. We found that: (1) a decrease in cortico-
spinal excitability leads to no off-line improvements, whereas, no
change in corticospinal excitability leads to off-line improve-
ments; (2) preventing the decrease in corticospinal excitability,
by applying continuous TBS to either DLPFC or M1, induced
off-line improvements; and (3) across the experiments there was
a correlation between corticospinal excitability after learning and
the subsequent off-line improvements, which was maintained
even when corticospinal excitability was modified. Together,
these experiments suggest that corticospinal excitability changes
are tightly linked with those physiological events that are respon-
sible for controlling off-line improvements.

Following the implicit motor sequence task there was no
change in corticospinal excitability and there were subsequently
off-line improvements; whereas, following the explicit motor se-
quence task there was a decrease in corticospinal excitability and
subsequently no off-line improvements. The different corticospi-
nal excitability changes after learning may be exclusively related
to the different properties of the learning tasks. For example,
participants’ declarative knowledge for the sequence differed in
the implicit and explicit tasks, and this may be responsible for the
different corticospinal excitability changes. Alternatively, corti-
cospinal excitability changes may not only be the result of past
learning; they may also be linked to the future development of
off-line improvements. Consistent with this latter perspective, we
found a positive correlation between corticospinal excitability
after learning in the implicit task and the subsequent off-line
motor skill improvements (Fig. 1). By modifying corticospinal
excitability with TBS, we sought to further test the relationship
between corticospinal excitability and the subsequent off-line
improvements.
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Figure 3.

Experiment 3, modifying corticospinal excitability by applying stimulation to the M1 after motor learning, and the consequences for off-line motor skill improvements. a, As in

Experiment 2, we measured participants’ baseline corticospinal excitability, then participants learnt the explicit task using their right-hand, and had their skill tested (skill;; light gray bar; mean =
SEM). After learning, we applied TBS (either continuous or intermediate), measured participants’ MEP amplitude during a 4 min block; the middle of that block was 6, 21, 36, 96, and 126 min after
learning (blue circle; normalized MEP amplitude; mean == SEM). Participants were then retested on the task 10 h after initial testing (skill,; dark gray bar; mean = SEM). We normalized the MEP
at each time point against the baseline measured before learning, and motor skill was calculated as the difference in RT during the sequential and random trials. b, There remained a significant
decrease in corticospinal excitability after the explicit task and intermediate stimulation (paired ¢ test, £, = 6.57, p << 0.001), and there were no significant off-line improvements (paired ¢ test,
tqyy = 0.7,p = 0.499; n.s.). By contrast, there was no longer a significant decrease in corticospinal excitability after the explicit task and continuous stimulation (paired ttest, ¢;;, = 1.8,p = 0.1),
and there were significant off-line improvements (paired t test, ,,) = 2.69, p = 0.021; ). ¢, Using the single time point at which corticospinal excitability did differ between the continuous and

intermediate groups, we found a significant correlation between the corticospinal excitability and off-line improvements in the continuous group (r = 0.819, F; 1,

the intermediate group (r = 0.188, F; 1) = 0.365, p = 0.559).

We applied stimulation to either the DLPFC or M1 and
found a consistent relationship between corticospinal excit-
ability and off-line improvements. When we applied interme-
diate stimulation after the explicit task there continued to be a
decrease in corticospinal excitability and no off-line improve-
ments. By contrast, when we applied continuous stimulation
after the explicit task there was no decrease in corticospinal
excitability, and substantial off-line improvement were in-
duced (Figs. 2, 3). Thus, modifying corticospinal excitability
modified the off-line improvements, which suggests a connec-

=20.4,p = 0.001) but notin

tion between corticospinal excitability and the subsequent de-
velopment of off-line improvements.

However, the connection between off-line improvements and
corticospinal excitability changes could simply be that they are
both independent effects of stimulation. The improvements may
have simply been caused by stimulation disrupting participants’
declarative knowledge for the sequence, and the change in corti-
cospinal excitability may be an unrelated physiological conse-
quence of stimulation. Disrupting declarative knowledge can
induce off-line improvements (Brown and Robertson, 2007;
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Robertson, 2009). However, we could find no significant differ-
ence in participants’ declarative recall following continuous
stimulation, which induced off-line improvements, and interme-
diate stimulation, which did not induce off-line improvements at
either site of stimulation. So, the off-line improvements induced
by stimulation over DLPFC or M1 did not depend upon a dis-
ruption of declarative knowledge.

Instead of being independent, corticospinal excitability was
linked to the off-line improvements induced by continuous stim-
ulation. We found a correlation between corticospinal excitabil-
ity and the induced off-line improvements following continuous
stimulation to DLPFC or M1 (Figs. 2, 3). Applying stimulation to
DLPFC or M1 affected different anatomical pathways; nonethe-
less, applying stimulation to either site modified corticospinal
excitability and modified the subsequent development of off-line
improvements. Thus, induced improvements are not due to
modifying the function of a particular anatomical pathway;
instead, they are due to changes in corticospinal excitability.
Opverall, our experiments provide converging evidence for a con-
nection between corticospinal excitability and off-line improve-
ments, and that modification to corticospinal excitability either
by applying stimulation to the DLPFC or M1 alter the fate of a
memory determining those that will or will not be enhanced over
wakefulness.

We applied stimulation to the DLPFC or M1 because several
studies have shown that this can alter corticospinal excitability,
which provided us with a means to test the connection between
corticospinal excitability and off-line improvements (Civardi et
al., 2001; Huang et al., 2005; Hasan et al., 2013). In both experi-
ments, continuous stimulation was used to prevent a decrease
in corticospinal excitability (Figs. 2B, 3B). However, generally
when continuous stimulation is applied it leads to a decrease in
corticospinal excitability (Huang et al., 2005). Yet, these effects
upon corticospinal excitability occur when stimulation is applied
without any associated behavioral task, whereas in the current
study, stimulation was applied after a motor learning task. Per-
forming a motor learning task can alter the subsequent effects of
stimulation upon corticospinal excitability perhaps because a ho-
meostatic mechanism maintains the synaptic weights and firing
within a physiological range, and so ensures that cortical excit-
ability does not saturate (Siebner et al., 2004; Jung and Ziemann,
2009). So, the ability of continuous stimulation to prevent a de-
crease, rather than cause a decrease in corticospinal excitability,
may be because the prior motor learning task altered the subse-
quent effects of stimulation. Alternatively, the decrease in corti-
cospinal excitability due to continuous stimulation to the right
hemisphere may prevent a decrease in corticospinal excitability
in the left hemisphere due to reciprocal inhibition between the
hemispheres (Di Lazzaro et al., 1999; Suppa et al., 2008).

Applying stimulation to either the DLPFC or M1 may simply
be an experimentally convenient means to alter corticospinal ex-
citability. Alternatively, DLPFC and M1 may be different parts of
a circuit that controls the off-line processing of motor skill mem-
ories. The DLPFC is activated during motor sequence learning, is
functionally connected to motor circuits, and so it becomes
tempting to speculate that the DLPFC may have a role in biasing
the excitability of motor circuits, including M1, to control those
motor memories that will or will not be enhanced (Civardi et al.,
2001; Willingham et al., 2002; Schendan et al., 2003). Thus, M1
and DLPFC may be components of a circuit that operates to
physiologically control corticospinal excitability, and in turn
determine those motor skill memories that will or will not be
enhanced.
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We have identified a physiological event that occurs after
learning, which determines the fate of the newly acquired motor
skill memory. A decrease in corticospinal excitability after learn-
ing a motor skill prevents off-line improvements, and so when
this decline is prevented, by increasing corticospinal excitability,
off-line improvements are induced. The decrease in corticospinal
excitability after learning may be a physiological signal that pre-
vents a newly acquired memory from being enhanced, or at least
signals that its enhancement should be delayed until a more ap-
propriate brain state such as sleep. The decrease of corticospinal
excitability may prevent processes that are vital for the subse-
quent development of off-line improvements such as the neuro-
nal replay of past events, or activity-dependent protein synthesis
(Davis and Squire, 1984; Robertson, 2009; Carr et al., 2011).
Equally, corticospinal excitability changes may act as a signal
controlling the plasticity available within the motor cortex: re-
cent work has shown that the retention of motor skill memories is
related to the plasticity available within the motor cortex just after
learning (Stefan et al., 2006; Cantarero etal., 2013a,b). Artificially
replicating this signal may explain how applying 1 Hz TMS im-
mediately after learning, which decreases corticospinal excitabil-
ity, prevents off-line improvements over wakefulness, but these
improvements still occurred over sleep (Chen et al., 1997; Rob-
ertson et al., 2005; Kantak et al., 2010). Conversely, preventing
the signal by increasing corticospinal excitability, as we show
here, can induce improvements. A similar signal may also control
the stabilization of new or existing motor skill memories: apply-
ing 1 Hz stimulation over the motor cortex decreases cortical
excitability and prevents memory stabilization during consolida-
tion and reconsolidation (Muellbacher et al., 2002; Censor et al.,
2010, 2014). Our observations suggest that motor skill improve-
ments that arise from applying techniques that modify cortico-
spinal excitability may do so because those techniques are
modifying a signal that normally controls the fate of a motor skill
memory (Reis et al., 2009; Galea et al., 2010).

Overall, neural processes conspire to determine the fate of
a memory not only through the engagement of processes that
support memory enhancement during consolidation, but also
through a physiological signal that prevents motor skill enhance-
ments, and so when that signal is abolished enhancement can
occur. Having a combination of mechanisms that can either sup-
port or prevent memory processing may be essential for the re-
fined control of a memory, which in turn may lead to its optimal
long-term retention.
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